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INTRODUCTION 
/ 
Explanation of Thesis/Dissertation Format 
The alternate format is utilized by this dissertation. 
This includes an introduction and review of literature, two 
papers suitable for submission to scientific journals, a 
summary of the dissertation, a list of references cited in the 
introduction and review of literature, and acknowledgements. 
This candidate is primary author of both papers presented in 
this dissertation. The first paper has currently passed 
through initial review by the Journal of Dairy Science. 
Literature Review 
Lactose 
Reasons for lactose testing The major uses of lactose 
are in pharmaceuticals, infant formulas and baby food, ice 
cream, nonfat dry milk, and bakery products. In addition, 
lactose accounts for 40% of the total solids in whole milk and 
50% in skim milk. Even with expanded markets for lactose, 
however, it is still a less valuable commodity than fat or 
protein, and does not seem likely to increase in value in the 
near future. 
Consumer trends often dictate use of milk components, 
although there is often a considerable lag time before 
production and selection are altered to accommodate these 
trends. Thompson and Loganathan (1968) stated that changes in 
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consumer preferences may necessitate reducing the fat 
percentage of milk while increasing the nonfat solids. Van Es 
and Van der Honing (1979) discussed the possibility that in 
the future it may be desirable to produce milk with a higher 
ratio of protein and lactose to fat through the use of 
selection rather than nutrition. Oldham and Sutton (1979) 
stated that lactose was a by-product rather than the primary 
purpose of milk production, although realized the possibility 
of increased demand in the future. 
The world market for lactose is inelastic, thus any 
significant increase in production would result in a sharp 
price reduction. Zall (1984) stated that use of lactose grew 
slowly from 1975 to 1980, reflecting the limited market for 
lactose in the U.S. Anderson et al. (1985) stated that the 
most widely discussed drawback of milk for adult humans was 
lactose intolerance, resulting from deficiency of the enzyme 
lactase, necessary for hydrolysis of lactose. Incidences, of 
10% and 70% have been reported in American white and black 
adults, respectively (Anderson et al., 1985). 
Young et al. (1986) stated that trends in consumption from 
1970 to 1983 showed increases in fat:lactose and 
protein:lactose ratios, while protein:fat ratios remained 
essentially constant. Ratios of milk components produced and 
consumed in 1983 revealed that lactose was being produced in 
excess of demand relative to fat and protein and protein 
production was also in excess of consumption relative to fat. 
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Since much of lactose and one-fourth of the protein is removed 
in whey during the cheese-making process, these products can 
not be fully utilized until a market for whey can be found. 
Fat was underproduced relative to protein and lactose, and 
excess lactose was the main cause of imbalances in production 
and consumption of milk components. Consumption has moved 
towards less fat and more protein recently, however, due to 
increased health awareness of consumers. 
The implementation of component pricing has rewarded 
farmers for meeting consumer demands. Politiek (1957) 
concluded that, although protein payment was not in use in any 
country yet, selection should be placed on, and payment made 
for, percentage protein since the economic value of protein 
was expected to increase, while potential for genetic progress 
was comparable to milk and fat. Gruebele (1979) stated that 
California switched to component pricing for fat and solids-
not-fat (SNF) in 1962, the main reason being the shift in 
consumer preference from whole milk to low-fat milk. 
Component pricing, however, was also more equitable for 
producers because manufacturing plants obtain higher yields 
for powdered milk and cheese products using milk with higher 
SNF content. Johnson (1973) stated that a protein price 
differential was preferred over a SNF differential. The 
reasons cited were that protein was the most variable part of 
SNF and that protein was affected more by breeding and culling 
programs than other SNF solids (Johnson, 1973). Young et al. 
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(1986) concluded that, based on consumer trends, milk pricing 
should be based on fat and protein percentages, without regard 
to SNF percentage, in manufacturing markets and based solely 
on milk production in fluid markets. 
The pricing system for milk components is dependent on 
target market for the milk and changing consumer demand. 
Young et al. (1986) stated that the value of milk components 
is not the same for each of the end-products made from milk. 
The value of lactose in cheese production is low to negative, 
while the value of lactose is equal to that of protein in the 
manufacture of nonfat dry milk. Added lactose has value for 
the manufacture of nonfat dry milk and ice cream, warranting a 
lactose percentage price differential only for plants 
manufacturing these products. 
Killers et al. (1980a) noted the relatively small 
variation in lactose percentage and the marketing problems as 
the major constituent of whey to explain the insignificance of 
lactose as a price-determining component of milk. Killers et 
al. (1980b) stated that although lactose was a valuable 
component in fluid and nonfat dry milk, protein was thought to 
be more important in determining the value of milk and, thus, 
a premium for protein was preferred rather than SNF in milk 
pricing. Cerbulis and Farrell (1975) stated that milk used 
for cheese production should have a high casein percentage 
along with low whey protein and lactose percentages. 
Breeding goals should be defined based on future market 
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pricing rather than present or past pricing (de Jager and 
Kennedy, 1987). Current markets, however, have historically 
dictated selection. Due to these practices, lactose and, more 
recently, fat production may have been given too much weight 
in selection programs. Robertson et al. (1956) suggested that 
rather than treating solids-not-fat (SNF) as a unit, it should 
be broken down into its component parts when analyzing, since 
each may react differently to environmental and genetic 
changes. Gaunt (1973) found that selection for SNF was a less 
than optimum method of selection for protein, since the 
relationship between percentage protein and percentage lactose 
was small and lactose was of less economic and nutritional 
value than protein. 
Milk with decreased levels of lactose has been considered 
as part of alternative methods of lower cost processing, de 
Jager and Kennedy (1987) reported that milk with a low carrier 
content (water, lactose, and ash) required less energy to 
process, including transportation, drying, cooling, and 
separation. Ultrafiltration of milk on the farm has also been 
considered, which allows extraction of some of the water and 
lactose at the farm and may allow partial utilization of non-
casein protein for cheese-making (Young et al., 1986). Use of 
ultrafiltration, however, proposed to decrease transportation 
costs, has been hindered by a waste disposal problem of the 
lactose permeate by-product, which has been targeted for use 
in the manufacture of gasohol in Midwest and Northeast dairy 
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regions (Zall, 1984). 
An additional advantage of measuring lactose percentage is 
its use as an indicator of mastitis. Renner (1975) showed 
that monitoring of lactose percentage in herd and individual 
cow's milk was better for detecting secretory disorders than 
was somatic cell count (SCC). The mean lactose percentage of 
milk from healthy udders was 4.8%, with little variation 
within or between lactations. A lactose percentage of less 
than 4.55% was used an indicator of abnormal milk (Renner, 
1975). These results were supported by several others. 
Kitchen (1981) concluded that, since lactose percentage 
could be measured with the same equipment used to measure fat 
and protein percentage, lactose percentage could possibly be 
used for mastitis awareness and detection schemes to avoid 
costs of additional equipment for measuring SCC. Under, 
mastitic conditions, an increased permeability of the blood 
capillaries allows sodium and chloride ions to pour into the 
lumen of the alveolus and, in order to maintain osmolarity, 
potassium ion levels decrease proportionately. These 
increases in sodium and chloride ions and decreases in 
potassium ion levels have been widely used as methods of 
monitoring mastitic infections (Kitchen, 1981). 
Measuring lactose percentage The consensus in the 
literature is that the best instrument for measuring lactose 
percentage is the Infra Red Milk Analyzer (IRMA). Anderson et 
al. (1985) stated that a rapid method for determining fat. 
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protein, and lactose using optical rotation, was based on 
their respective absorbances of infrared light at 5.8, 6.5, 
and 9.6 /xm. Barbano and Clark (1988) stated that infrared 
milk analyzers were the only practical method of economically 
testing large numbers of milk samples for fat, protein, and 
lactose percentages in DHI and milk payment programs. Lactose 
percentage was measured using an IRMA by Miller et al. (1983) 
as well. 
Barbano and Clark (1988) stated that the IRMA is an 
electronic testing method, which is a secondary method and, 
therefore, requires calibration by reference to results of a 
chemical or physical testing method. The primary uncorrected 
signals from all channels (fat, protein, and lactose) 
contribute to the final test value on each channel, with SNF 
and total solids estimated from combinations of the three 
primary signals plus bias factors. 
An additional advantage of measuring lactose is that 
protein percentage may be overestimated if an apparatus that 
does not measure lactose is used. Sjaunja (1984) reported that 
milk containing 4.0% lactose should theoretically overestimate 
protein percentage by about 0.09 percentage units. Sjaunja et 
al. (1984) analyzed milk samples for fat and protein with an 
infrared apparatus which did not analyze lactose, with the 
secondary effects of lactose on fat and protein fitted as 
constants. As the protein difference (infrared minus 
Kjeldahl) increased, the lactose percentage decreased 
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linearly, with varying lactose percentage accounting for 14% 
of the protein analyses differences. Varying SCC had a 
significant effect on protein but not fat analyses. Protein 
percentage increased 0.2% as percentage lactose decreased 
1.0% to 4.0% and SCC increased. Therefore, due to lower 
lactose percentage of milk with high SCC, protein percentage 
was overestimated when using an apparatus that does not 
measure lactose percentage. 
Determining data and models for analysis The use of 
multiple-trait models including relationships has been shown 
to increase estimates of variance components. Ignoring 
relationships has been shown to cause a reduction in REML 
estimates of genetic variance (Dong and Van Vleck, 1988) In 
addition, Lawlor (1984), using a sire model, showed that REML 
estimates of heritability increased when relationships among 
sires were used. 
Two reasons for using a multiple-trait evaluation are to 
improve accuracy of predictors through incorporating 
information from correlated traits and to reduce or eliminate 
bias from selection - if all data used in selection decisions 
are used in the analysis. Cue et al. (1987) stated that 
multiple trait evaluations can improve accuracy as well as 
account for some forms of selection bias, if genetic and 
phenotypic relationships between traits are correctly 
estimated. 
It has been shown that use of a single measure that 
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includes several test-day records, or lactational data, 
results in higher estimates of variance components than single 
observations of test-day records (Politiek, 1957). Sharma et 
al. (1983) reported estimates of heritability using single 
measurements in the same lactation (test-day data) and a mean 
of ten measurements in the same lactation (lactation data) to 
be .06 and .14 for lactose-mineral yield and .08 and .31 for 
lactose-mineral percentage. Repeatability estimates were .23 
and .29 for lactose-mineral yield and percentage using 
lactation data, while estimates using test-day data were .10 
and .07, respectively. 
Age of cow effects have been reported to be both 
significant (Anderson et al., 1985; Gaunt, 1973; Kitchen, 
1981; Robertson et al., 1956), and not significant (Politiek, 
1957) for milk yield and fat, proteih, and lactose 
percentages, with a gradual reduction in all three percentages 
with age of cow. In addition, age of cow effects have been 
shown to have a significant effect on means and variance 
component estimates of milk constituents. Robertson et al. 
(1956) showed that lactose percentage declined, almost 
linearly, from 4.72 to 4.47% as parity increased from one to 
nine. Tong et al. (1979) reported that sire variances for 
milk, fat, and protein yields were relatively constant while 
error variances, possibly due to days dry, increased with 
lactation number. Sire variances increased slightly with 
increasing lactation number for fat and protein percentages, 
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while error variance remained relatively constant. 
Heritability estimates decreased for all yield traits in later 
lactations, but increased for fat and protein percentage. 
Seasonal differences in milk components have also been 
reported (Anderson et al., 1985; Gaunt, 1973; Meiser, 1973), 
although month of calving has been shown to exhibit only a 
small effect on milk component production (Politiek, 1957; 
Robertson et al., 1956). Anderson et al. (1985) reported that 
fat, protein, and total solids percentage were highest during 
the winter, although these changes were partly due to seasonal 
changes in forage type and stage of lactation. Wiggans and 
Shook (1987) reported that season effects were small, with 
maximum effects in late summer and early fall. Lactose 
percentage has been reported to be influenced very little by 
environment, less than any other milk component (Politiek, 
1957; Sharma et al., 1983) High temperatures, however, have 
been reported to have a negative effect on fat, protein, and 
lactose percentages, with a compensating increase in chloride 
(Anderson et al., 1985; Gaunt, 1973), possibly due to altered 
feed intake and metabolism. 
The significant effect of stage of lactation on fat, 
protein, and lactose percentage has been documented (Kitchen, 
1981; Sjaunja et al., 1984). Effects of stage of lactation on 
the various components of milk varies. Sharma et al. (1990) 
found that stage of lactation accounted for 11.8 to 26.3% of 
the variation in yields across several traits and two breeds, 
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but it only accounted for .2 to 9.9% of the variation in 
percentages. There was a only a 4.6% reduction in error sums 
of squares due to fitting stage of lactation for percentage 
lactose-mineral in the Holstein population. 
Lactation curves have been reported to be similar for fat 
and protein percentages, but very different for lactose 
percentage. Colostrum has been reported to contain more fat, 
protein, calcium, sodium, magnesium, phosphorus, and chloride, 
but lower lactose and potassium than normal milk (Anderson et 
al., 1985; Gaunt, 1973). Gaunt (1973) also reported that 
lactose percentage rose in the first week and remained steady 
until mid-lactation, where it decreased slowly at first and 
more rapidly at the end of lactation. Politiek (1957), 
however, reported a steady decline in percentage lactose 
during the whole lactation period. Sharma et al. (1990) 
reported that lactose-mineral percentage and Feulgen-DNA 
reflectance (REF) percentage peaked around two months and then 
declined, while percentage chloride showed a small initial 
decrease and then a rise in concentration after two months. 
Oldham and Sutton (1979) reported that lactation curves 
for the percentages of protein, total solids and fat fall to 
minima, while milk yield and lactose percentage rise to 
maxima, between about the sixth and twelfth week of lactation. 
Fat and protein percentages increase slowly throughout the 
remainder of the lactation, while lactose percentage changes 
little after the initial rise but tends to fall in the last 
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few weeks of lactation. Fat and protein percentages decline 
up to week five or six of lactation, while lactose percentage 
increases slightly. Following this, the fat and protein 
percentages, calcium, phosphorus, and chloride rise gradually 
and may increase more sharply near the end of lactation, while 
lactose percentage tends to decrease gradually as lactation 
progresses. Politiek (1957) reported that percentage protein 
and fat are minimum at six weeks, but rise regularly until the 
end of the lactation, with the rise in protein percentage 
being less marked than that for fat percentage. 
Variation of lactose percentage has been reported to be 
small and lower than variation in fat and protein percentages. 
Cerbulis and Farrell (1975) reported that individuals within 
each breed exhibited a range equal to 30% of the mean. In 
addition, interspecies variations in concentrations of 
constituents vary from trace to 50% for fat, 1-10% for 
protein, and from 0-10% for lactose (Anderson et al., 1985). 
Like protein, altering the diet is not a feasible path for 
changing the lactose content of milk. Oldham and Sutton 
(1979) stated that there is general acceptance that milk 
protein content falls in cows underfed, and that response of 
protein content to increased level of feeding follows a 
pattern of diminishing returns. Level of feeding, except for 
marked underfeeding, however, has been reported to have little 
effect on the lactose content of milk (Burt, 1957; Rook et 
al., 1960). Rook (1976) stated that the decrease in lactose 
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content due to underfeeding was due to a decrease in the 
relative contribution of lactose to osmotic pressure as the 
volume of milk decreased. 
Rook and Balch (1961), however, suggested that an increase 
in rumen acetic acid production stimulated milk production and 
synthesis of fat, protein, and lactose, where an increase in 
propionic acid production specifically stimulated milk protein 
synthesis and depressed fat synthesis. Killers et al. (1979) 
found that the expected additional feed costs for increasing 
one milk component 0.1%, while holding the others constant, 
was 2.5 times greater for fat, and 2 time greater for protein, 
than it was for lactose. They concluded that under the 
current pricing system, producers would realize a positive 
return only for increases in fat content. They suggested that 
a pricing system including protein and lactose, however, would 
change this. 
Literature estimates of lactose percentage means have been 
mostly just under 5%, with breed differences measurable, 
although less than fat and protein percentage differences. 
Hannson (1956) reported breed averages for lactose percentage 
for five dairy breeds ranging from 4.67 to 5.04%, with a mean 
of 4.87% for the Holstein population. Cerbulis and Farrell 
(1975) found a range of 0.33% in breed averages from 4.66 to 
4.99%. Wilcox et al. (1971) reported that means for lactose-
mineral percentage of five dairy breeds ranged from 5.18 to 
5.46%. Anderson et al. (1985) reported a range in lactose 
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percentage across five dairy breeds from 4.61 to 4.80%, which 
was less than fat or protein percentage. Young et al. (1986) 
observed a range between six dairy breeds of from 4.73 to 
4.94% lactose and reported accepted milk composition 
percentages to be 3.67, 3.20, and 4.70 percentage for fat, 
protein, and lactose percentages, respectively. 
Kitchen (1981) noted that lactose must be corrected for 
breed. Anderson et al. (1985) stated that lactose 
concentration ranges from only traces in some aquatic species 
to around 7% in humans. Lactose percentage, the most constant 
constituent in bovine milk, was reported to be around 4.6%, 
and is related to its role in maintenance of the osmoality of 
the milk in the formation and secretion process. 
Relationship of lactose to other components The maj or 
role of lactose in milk is the osmotic regulation of the 
production of milk, where it is the major glandular 
determinant of the volume of milk secreted (Kitchen, 1981; 
Oldham and Sutton, 1979). Oldham and Sutton (1979) stated 
that milk yield depended primarily on the amounts of the main 
osmotically active constituents, lactose and salts, that are 
secreted. Fat and protein synthesis, however, were thought to 
proceed mostly independently of the milk synthesis process. 
For this reason, lactose concentration in milk was thought to 
be relatively constant while fat and protein percentages 
varied considerably. 
Lactose percentage has been reported to be closely related 
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to other mil?: components, as well as to ions important in milk 
synthesis. Sharma et al. (1983) stated that selection for 
higher milk yield would increase incidence of mastitis if 
mastitis resistance was ignored although phenotypic 
correlations indicated that high yields and absence of 
mastitis were correlated. Robertson et al. (1956) reported 
that the highest lactations for yield tended to be below 
average for SNF and protein, but above average for lactose. 
Lactose was reported to have a positive correlation with fat 
and casein and a negative correlation with ash, which would be 
composed of ions, attributable to their parts in regulation of 
the osmotic pressure of milk. Anderson et al. (1985) reported 
that a highly significant negative correlation exists between 
protein and lactose, since synthesis of lactose is the primary 
regulator of the amount of water that dilutes the protein to 
its final concentration. 
Nageswararao and Blobel (1963) reported correlations of 
lactose percentage with California Mastitis Test (CMT), milk, 
and fat, SNF, protein, and chloride percentage to be .025, 
.043, .222, .201, -.089, and -.453, respectively. Robertson 
et al. (1956) reported genetic correlations between lactose 
percentage and milk and fat, protein, SNF, casein, and ash 
percentages to be -.16, .37, .41, .67, .41, and -.86, 
respectively. Wilcox et al. (1971) reported genetic 
correlations for the Holstein breed between lactose-mineral 
and milk, fat, protein, and fat and protein percentage were 
16 
.99, .74, .73, -.23, and -.18, respectively. Lactose and 
mineral percentages were estimated by difference between total 
solids and other components. Sharma et al. (1983) reported 
phenotypic correlations between percentage lactose-mineral and 
milk and fat, protein, and chloride percentages, lactose-
mineral yield, and REF to be .26, .12, -.55, -.47, .46, and 
.25, respectively, while genetic correlations of percentage 
lactose-mineral with chloride percentage, lactose-mineral 
yield, and REF were -.68, .41, and -.80. 
The negative correlations between lactose percentage and 
concentrations of the salts chloride, sodium, and potassium 
have been well documented (Anderson et al., 1985; Fox et al., 
1985; Nageswararao and Blobel, 1963; Oshima and Fuse, 1977; 
Robertson et al., 1956; Sharma et al., 1983). Sharma et al. 
(1983) stated that a negative phenotypic correlation between 
chloride and lactose-mineral percentages was expected because 
of their inverse physiological relationship in maintaining the 
osmotic pressure of milk. Anderson et al. (1985) reported 
that even across species, highly significant negative 
correlations exist between lactose and the sum of sodium and 
potassium and between lactose and chloride. This is due to 
the fact that the rate of synthesis of lactose differs among 
species, and milk is maintained virtually isoosmotic, with 
salt concentration maintaining this balance in low lactose 
milk. 
Mastitic conditions have been reported to affect 
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concentrations of anions and cations in milk, with increased 
levels of Na, CI, and pH associated with mastitic milk, as 
were decreased levels of K, Ca, Mg, and P (Anderson et al., 
1985; Kitchen, 1981). Chloride percentage has been reported 
to be higher in milk from cows with mastitis than from cows 
with apparently healthy udders (Fox and Schultz, 1985; 
Nageswararao and Blobel, 1963; Natzke et al., 1965). Sharma 
et al. (1983) stated that since mastitis causes chloride 
percentage to increase and REF to decrease, the negative 
phenotypic correlation between these two traits was expected. 
In addition, Kitchen (1981) reported a correlation between 
lactose percentage and SCC of -0.6. 
Lactose svnthesis Milk production basically concerns 
the secretion of fat, protein and lactose in concentrations 
that vary in absolute terms and in relation to one another 
(Oldham and Sutton, 1979). The total yield of milk produced, 
depends to some degree on the amounts of the main osmotically 
active constituents, lactose and salts, that are secreted. 
Since protein and fat synthesis proceed largely independently, 
the concentration of lactose in milk is relatively constant 
but the concentration of fat and protein vary widely. The 
amount of lactose produced has been reported to be the major 
glandular factor affecting volume of milk secreted (Fox and 
Schultz, 1985; Kitchen, 1981; Oldham and Sutton, 1979). 
Anderson et al. (1985) stated that lactose, the principle 
carbohydrate found in milk, is a disaccharide composed of a 
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glucose and galactose molecule. Oldham and Sutton (1979) 
stated that a-lactalbumin is part of the lactqse-synthetase 
enzyme system and is necessary to maintain lactose production, 
however it is not entirely certain that the rate of a-
lactalbumin synthesis in the main factor affecting the lactose 
content of milk. 
Lactase synthase is composed of two proteins, the enzyme 
galactosyl transferase and a-lactalbumin, which must be 
together in performing the critical step in lactose synthesis 
(Anderson et al., 1985; Kitchen, 1981). The Golgi apparatus 
membranes is the site of lactose synthesis, where the 
galactosyl transferase is bound on their inner surfaces, and 
lactose is packaged with water, potassium, and casein. 
Lactose cannot diffuse out of the Golgi vesicles, thus drawing 
in water because of the differing osmotic pressure between 
these vesicles and the cytoplasm of the cell (Anderson et al., 
1985; Kitchen, 1981). The secretory vesicles, containing 
essentially the nonfat milk constituents, bud off from the 
Golgi and move to the apical surface where they are discharged 
into the lumen (Anderson et al., 1985). 
Movements of ions and synthesis of lactose are regulators 
of water intake into the Golgi and secretory vesicles 
(Anderson et al., 1985). The amount of water drawn into these 
vesicles by the osmotic pressure differences somewhat affects 
the amount of milk produced (Kitchen, 1981). Lactose is the 
chief regulator, and ultimately, its availability is the major 
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factor in determining the volume of milk secreted (Anderson et 
al., 1985). 
The rate of synthesis of lactose is controlled by various 
factors, with the availability of a-lactalbumin being foremost 
and glucose also being a limiting nutrient. Membrane 
permeability influences movement of molecules in and out of 
various compartments, eg. glucose can cross the Golgi 
apparatus membrane while lactose cannot (Anderson et al., 
1985). Mammary gland infection causes a decreased ability to 
synthesize in the enzyme systems of the secretory cells, 
resulting in a decrease in lactose synthesis. Reduced 
lactose, however may also be caused by availability of less 
glucose to the mammary gland due to decreased blood flow 
during stress conditions, since glucose is a main precursor of 
lactose (Kitchen, 1981). 
Somatic Cell Score 
After milk yield and content and reproduction, mastitis 
may be the trait of greatest economic importance (Shook et 
al., 1982). Mastitis is an inflammatory process of the 
mammary gland accompanied by reductions in milk secretion and 
a change in the permeability of the blood-milk membrane 
barrier (Schalm et al., 1971). 
Various measures have been used as indicators of mastitis, 
see in milk is an indicator of the health status of the 
mammary gland and is used for diagnosis of•subclinical 
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mastitis (Monardes et al., 1983). Somatic Cell Score (SCS) is 
a log transformation of test-day SCC and is calculated by 
SCS = [logjCSCC/lOO) + 3]. This formula was proposed by Shook 
(1982), such that almost all SCS values were integers in the 
interval 0 to 9, and used by Wiggans and Shook (1987). 
Young et al. (1960) reported genetic correlations between 
somatic cell count and clinical mastitis to be high. Sharma 
et al. (1983) stated that abnormal udder conditions such as 
mastitis or physical injury tend to increase number of somatic 
cells with a corresponding decrease in REF, which was used as 
an inverse measure of SCC. 
A Fossomatic cell counter was the main method of measuring 
SCC (Monardes et al., 1983; Kennedy et al., 1982; Miller et 
al., 1983). Monardes et al. (1983) reported that means of 
weighted mean lactational measures were 356 x 10^/ml on the 
original scale and 5.24 on the log scale. Manfredi et al. 
(1984) reported that the mean of lactational SCC was 208 x 
10^/ml. Wiggans and Shook (1987) reported average of sample 
day SCS to be 2.84, while Schutz et al. (1990) reported means 
to be 2.99. 
Monardes et al. (1983) reported that cell counts were 
highest shortly after calving and declined rapidly to a minima 
between 25 to 45 days postpartum. In addition, they reported 
that bias as a result of removal of short records, possibly 
terminated due to mastitis, was likely small. 
Lactation records calculated by weighted means of log 
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transformed SCC data (SCS) resulted in some of the higher 
estimates of heritability in previous literature. Monardes et 
al. (1983) reported that heritabilities of lactation measures 
were slightly higher than heritabilities of individual test-
day observations, but still low enough to expect slow response 
to selection. In addition, they stated that means of several 
counts or composite measures of individual test-day 
observations, expressed as lactational records, would be 
superior to single test-day observations as data used in 
analysis. Kennedy et al. (1982), however, stated that 
previous studies had concluded that the increase in 
heritability of SCC from lactation averages vs. test-day data 
were very small, contrary to theoretical predictions. 
Monardes et al. (1983) reported that log transformation of 
the data reduced variation in cell count within a lactation 
substantially. Ali and Shook (1980) showed that a log 
transformation of SCC achieved nearly normal distribution and 
resulted in higher heritability estimates. Monardes et al. 
(1984) reported heritabilities for first lactation data, where 
method of calculating lactational SCC were arithmetic mean, 
geometric mean, harmonic mean, weighted mean, and median were 
.09, .10, .11, .13, and .16, respectively. 
Heritability estimates of SCC have been reported to be 
low, and have been found to be higher for lactational than 
test-day data. Shook et al. (1982) reported heritability 
estimates for SCC ranging from .09 to .18, with highest 
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estimates for first lactation data. Monardes et al. (1984) 
found that heritabilities ranged from .09 to .16 for first 
lactation records and from .08 to .09 for second and greater 
parities. Monardes et al. (1983), found that paternal half-
sib estimates of heritability for lactational SCC measure 
ranged from .04 to .14, depending on scale of measurement. 
Manfredi et al. (1984) reported paternal half-sib estimates of 
heritability for lactational somatic cell concentration, 
calculated using geometric means of log SCO's, were .17, while 
Monardes and Hayes (1985) reported that estimates ranged from 
.08 to .10 across parities. 
The major fixed effects considered when analyzing SCS 
data, other than herd-year-season, have been age of cow and 
stage of lactation. Measures of mastitis incidence have been 
reported to increase with age of cows (Haenlein et al., 1973; 
Monardes et al., 1984; Wiggans and Shook, 1987). Advanced 
stages of lactation have also been associated with higher 
means (Haenlein et al., 1973; Wiggans and Shook, 1987) and 
higher heritabilities (Emanuelson and Philipsson, 1984) of 
measures of mastitis incidence. Wiggans and Shook (1987), 
however, reported that effects of stage of lactation were much 
smaller for first lactation records than for later parities. 
Kennedy et al. (1982) included both age of cow and stage of 
lactation as fixed effects in a model to analyze SCC data, and 
found that both sire variances and phenotypic correlations of 
log SCC with other milk components increased in absolute size 
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with increasing age of cow, while error variances decreased. 
Kennedy et al. (1982) reported paternal half-sib 
heritability estimates of test-day data for log SCC ranged 
from .05 for 2-year-olds to .10 for mature cows, and averaged 
.08. Emanuelson and Philipsson (1984) reported heritability 
estimates of test-day SCC on log base ten scale that ranged 
from .02 to .15 across two breeds and four lactations, with 
estimates increasing with lactation up to three but rather low 
in later lactations. In addition, they reported repeatability 
estimates of test-day observations to range from .47 to .59 
within lactation. 
Relationship of SCS to other components The 
relationship of different measures of SCC and SCS, used as 
indicators of mastitis, to other milk components has been well 
documented. Milk component yields and percentages, as well as 
concentrations of ions important in the synthesis of milk have 
been shown to be closely related to SCC or other indicators of 
mastitis. 
Kennedy et al. (1982) reported that a small detrimental 
genetic relationship existed between milk production and 
mastitis. Genetic correlations of log SCC with milk, fat, and 
protein yields, and fat and protein percentages were .14, .08, 
.18, -.08, and .04, respectively, while phenotypic 
correlations were -.13, -.13, -.11, -.02, and .09. Monardes 
and Hayes (1985) found genetic correlations of lactational SCC 
with milk, fat, and protein yields, and fat and protein 
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percentages were .48, .37, .54, -.05, and -.07, respectively, 
while phenotypic correlations were -.08, -.08, -.06, 0, and 
.06. Schutz et al. (1990) reported genetic correlations of 
ses with milk, fat, and protein yields to be .13, .13, and 
.29, respectively, while phenotypic correlations were -.07, 
-.09, and -.04. 
Manfredi et al. (1984) reported genetic correlations of 
log see with milk, fat, and protein yields to be -.01, .08, 
and -1.40, respectively, while phenotypic correlations were 
-.02, -.06, and -.22. Manfredi et al. (1984) assigned 
cumulative lactation score (CLS) according to the number of 
see tests in each one-third of the lactation that exceeded 
400,000 cells. A genotypic correlation of -.11 between CLS 
and milk suggested that genes for higher milk production were 
associated with genes for susceptibility to infection. The 
phenotypic correlation between milk and eLS, however, was 
close to zero, possibly because there were more infections in 
high producers and less production in infected cows. 
Under mastitic conditions, lactose synthesis decreases 
because of a decrease in the synthesis of the precursor a-
lactalbumin and sodium and chloride ion concentrations 
increase, so less lactose is required in the osmotic process 
(Kitchen, 1981). A negative relationship between lactose 
percentage and mastitis, therefore, is expected. 
Kitchen (1981) stated that a compiled literature review of 
changes in milk composition between normal and mastitic milk 
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showed that lactose, protein, and fat percentages all 
decreased in mastitic or high SCC milk, with lactose 
percentage changing more drastically. These changes were 
attributed to impaired synthetic and secretory activity of the 
udder epithelial cells. In addition, casein and a-lactalbumin 
production decreased in mastitic, or high SCC, milk while 
total whey proteins increased. 
Kitchen (1981) stated that one of the effects of the 
altered milk composition under mastitic conditions, 
particularly the lower casein and fat levels, is a lower 
cheese yield. Mastitic milk also has an altered maximum heat 
stability, affecting the quality of recombined evaporated and 
sweetened condensed milk manufactured from milk powder and the 
shelf-life of milk (Kitchen, 1981). 
Miller et al; (1983) stated that milk yield declined as 
SCC increased. As test-day SCC increased, milk yield and 
lactose percentage decreased, and protein percentage and fat 
percentage exhibited curvilinear relationships, increasing up 
to a certain SCC score and then declining. Part of the 
protein-SCC relationship may be because the IRMA apparatus 
tends to overestimate protein percentage slightly when lactose 
percentage is low and, consequently, SCC is high (Sjaunja, 
1984) . 
In addition. Miller et al. (1983) reported that milk 
composition changes may be due to injury to secretory cells 
and consequent reduced synthesis, or changes in the 
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permeability of membranes leading to increased leakage of 
materials from the blood. A dilution effect is where 
environmental factors which cause a reduction in milk yield 
may, as a secondary result, lead to increased SCC when the 
total number of cells secreted remains constant. This 
dilution effect existed for milk, fat, protein, and lactose 
yields (Miller et al., 1983). The decline in lactose 
percentage as SCC increases may be due to the role of lactose 
in maintaining the osmotic balance. As SCC increases, sodium 
and chloride salt concentrations increase, therefore requiring 
less lactose to maintain the osmotic balance (Anderson et al., 
1985; Fox et al., 1985; Nageswararao and Blobel, 1963; Oshima 
and Fuse, 1977; Robertson et al., 1956; Sharma et al., 1983). 
Kitchen (1981) stated that milk composition changes during 
mastitis infections were attributed to disease-combating 
responses of the animal, reduced synthetic ability of the 
mammary gland (lactose), and tissue damage and blood capillary 
permeability. Blood capillary permeability changes were also 
reported to result in increases in the influx of ions and 
proteins from the blood into the milk (Kitchen, 1981). Most 
of the changes in the level of milk fat as a result of 
mastitis are relatively minor, and usually do not occur until 
the infection becomes severe. Concentration of total proteins 
in milk does not change much under mastitis conditions, but 
the proteins largely synthesized in the mammary gland, one of 
which is a-lactalbumin, tend to decrease while proteins 
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originating from the blood increase (Kitchen, 1981). 
Nageswararao and Blobel (1963) reported that chloride 
percentage was higher in milk from cows with mastitis than 
from cows with apparently healthy udders. Natzke et al. 
(1965) showed that omitting a milking resulted in increased 
CMT and chloride and decreased levels of milk, SNF, and 
lactose, with no relation to severity of CMT score. Anderson 
et al. (1985) stated that for milking intervals longer than 15 
hours, the rate of milk secretion, SNF, lactose, and potassium 
decrease, while concentrations of fat, whey protein, sodium, 
and chloride increase. Fox and Schultz (1985) stated that 
decreases in production and lactose percentage, along with 
increases of SCC and chloride concentration were found after 
omission of a milking and during mastitis. 
Anderson et al. (1985) stated that under mastitic 
conditions, concentrations of fat, SNF, lactose, and casein 
are lowered. Daily milk yield, unadjusted for herd effects, 
was reported to decline linearly from 28.0 to 19.5 kg as SCC 
increased from 0 to over 2 million somatic cell counts per ml 
(Anderson et al., 1985). A general guideline used was that as 
SCC doubled, milk production was reduced 0.68 kg for the 
average of all cows, or a loss of 182 kg per lactation, with 
the loss for heifers being half of that for older cows 
(Anderson et al., 1985). 
As the ability of the cells to synthesize lactose and the 
specific milk proteins is impaired (Anderson et al., 1985), 
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salts enter the milk to offset the osmotic pressure deficiency 
caused by the lower lactose level, and the tight junctions 
between cells become more permeable to blood constituents. 
Secretory areas, following severe damage, form scar tissue and 
do not recover completely, severely limiting the potential for 
future milk production. 
Decreases in a-lactalbumin, a precursor of lactose, in 
cows with induced udder infections or higher cell counts have 
been reported (Kiddy et al., 1968; Rostov and Dzhurov, 1968; 
Kowalczyk, 1969). Haenlein et al. (1973) found that as 
Wisconsin Mastitis Test (WMT) scores increased, a-lactalbumin 
levels decreased, causing reduced lactose synthesis during 
mastitis since it is a part of lactose synthetase. The simple 
correlation coefficient between WMT and a-lactalbumin was 
-.51. Casein levels declined and pH levels increased as well. 
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SECTION I. VARIANCE COMPONENT ESTIMATION 
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ABSTRACT 
First lactation milk, fat, protein, and lactose yields and 
percentage yields were analyzed using a multiple-trait sire 
model including herd-year-season, sire group, and age of cow 
as fixed effects. Somatic cell score was fit both as a fixed 
effect in the model and as an additional dependent variable in 
two analyses. The results were almost identical for both 
analyses. Variance components were estimated using restricted 
maximum likelihood with an expectation-maximization algorithm, 
and included sire relationships. Lactose percentage means 
ranged from 4.84 to 4.97% across three dairy breeds. Data 
used to estimate variance components were first lactation 
Holstein records collected from 1986 to 1988, from 5246 
daughters of 392 AI sires. Heritability estimates were .30, 
.29, .27, and .26 for milk, fat, protein, and lactose yields; 
.45, .47, and .53 for fat, protein, and lactose percentage 
yields, and .16 for somatic cell score. Genetic correlations 
of lactose percentage with milk, fat, protein, fat and protein 
percentages, and somatic cell score were -.30, -.16, -.21, 
.10, .29, and -.11, respectively, while phenotypic 
correlations were -.08, -.02, .01, .11, .29, and -.15. 
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INTRODUCTION 
Lactose 
The dairy industry has historically considered lactose a 
raw material necessary for the manufacture of dairy products, 
although of little value itself. Whey, a major by-product of 
cheese, contains about 6% total solids, 70% of which is 
lactose (Zall, 1984). The current market for lactose has been 
considered inelastic because of overproduction and limited 
utilization (Zadow, 1984; Zall, 1984). Zadow (1984) reported 
that current production of lactose was around 20 times greater 
than the world consumption of lactose. 
Variation of lactose percentage within breed has been 
reported to be lower than either fat or protein percentage 
(Anderson et al., 1985; Barnes et al., 1988; Gaunt, 1973; 
Johnson, 1973; Meiser, 1973; Robertson et al., 1956; Young et 
al., 1986). Some of these conclusions, however, were based on 
ranges within breeds and changes across years, rather than 
variation among individuals. Variation in lactose percentage 
across breeds also has been shown to be lowest among the milk 
components (Anderson et al., 1985; Cerbulis and Farrell, 1975; 
Hannson, 1956; Oldham and Sutton, 1979; Sharma et al., 1983; 
Wilcox et al., 1971; Young et al., 1986), with a range of 4.61 
to 5.04 percent for mean lactose percentage across six dairy 
breeds. Potential for genetic change in lactose percentage 
would therefore be less than for fat or protein percentage. 
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based on these lower estimates of variation. Young et al. 
(1986) concluded that these differences in variation should 
allow the reduction of the lactose surplus by raising fat and 
protein percentage while lactose percentage remained constant. 
Variance component estimates of lactose in the literature, 
especially from the United States, are limited. Previous 
studies have shown heritability estimates for lactose 
percentage to be less than those for fat and protein 
percentage (Barnum et al., 1969; Hannson, 1956; Politiek, 
1957; Winzenried, 1955). These studies, however, were mostly 
based on daughter-dam regression estimates of heritability, 
and several had limited amounts of data. 
Robertson et al. (1956) reported heritabilities of lactose 
percentage to be intermediate to those for fat and protein 
percentages. Wilcox et al. (1971) reported that 
heritabilities in the Holstein population for milk, fat, 
protein, and lactose-mineral were .23, .25, .17, and .18, 
while estimates for fat and protein percentage were .57 and 
.37. Anderson et al. (1985) reported mean heritabilities from 
a literature survey to be about .60 for fat and protein 
percentages and .55 for lactose percentage. 
The relationship of lactose percentage to milk and 
other components is unclear based on the literature. Lactose 
percentage has been reported to have both positive and 
negative correlations with milk as well as fat and protein 
percentages (Anderson et al., 1985; Nageswararao and Blobel, 
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1963; Robertson et al., 1956; Sharma et al., 1983). Lactose 
percentage has been reported to have a positive correlation 
with Feulgen-DNA reflectance percentage, an inverse measure of 
mastitis (Sharma et al., 1983), and a negative correlation 
with Somatic Cell Count (SCC) (Kitchen, 1981). Lactose 
percentage, however, was also reported to have a positive 
correlation with California Mastitis Test (CMT) by 
Nageswararao and Blobel (1963). 
Somatic Cell Score 
There have been many studies of variance component 
estimation for various measures of SCC. Reported estimates of 
heritability range from .02 to .16 (Emanuelson and Philipsson, 
1984; Kennedy et al., 1982; Manfredi et al., 1984; Monardes 
and Hayes, 1985; Monardes et al., 1984; Monardes et al., 1983; 
Shook et al., 1982). Heritability estimates for SCC have been 
reported to be highest for first lactation data (Monardes et 
al., 1984; Shook et al., 1982), as well as to increase in 
later lactations (Emanuelson and Philipsson, 1984; Kennedy et 
al., 1982; Schutz et al., 1990). Monardes et al. (1983) found 
that estimates of heritability for lactational SCC measure 
were highest for log^ SCC and for lactations of more than 183 
days. 
Reported changes in milk composition between normal and 
mastitic milk showed that lactose percentage decreases 
markedly as measures of SCC increased (Fox and Schultz, 1985; 
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Fox et al., 1985; Kitchen, 1981; Natzke et al., 1965). This 
may be due to the role of lactose in maintaining the.osmotic 
balance during the milk secretion process (Miller et al., 
1983). As see increases, salt concentrations increase, 
therefore requiring less lactose to maintain the osmotic 
balance (Miller et al., 1983). 
The genetic relationship between milk production and 
measures of mastitis has been reported to be both negative 
(Fox and Schultz, 1985; Natzke et al., 1965) and positive 
(Kennedy et al., 1982; Monardes and Hayes, 1985; Strandberg 
and Shook, 1989), while phenotypic relationships have been 
mainly negative (Kennedy et al., 1982; Monardes and Hayes, 
1985; Raubertas and Shook, 1982; Strandberg and Shook, 1989). 
Fat percentage has been reported to be lower in mastitic, or 
high see milk, while protein percentage has been reported to 
both increase and decrease (Anderson et al., 1985; Kennedy et 
al., 1982; Monardes and Hayes, 1985). 
The objectives for this study were to determine the 
magnitude of sire, cow, error, and total variation in lactose 
yield and composition, and to obtain heritability and 
repeatability estimates of lactose yield and percentage yield, 
as well as ses. Estimates were compared with those obtained 
for other production traits. In addition, genetic and 
phenotypic correlations were calculated to determine the 
relationship of lactose and SCS to milk and its components. 
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MATERIALS AMD METHODS 
Data were provided by Michigan Dairy Herd Improvement 
Association (DHIA) and included monthly production records 
from May 1986 through December 1988. The limited number of 
records for the Brown Swiss and Jersey breeds allowed 
calculation of means only. Major editing of data and 
estimation of variance components were possible only for 
Holsteins. Records were required to have sire, lactose and 
ses information. Each record was also required to have at 
least 120 days in milk, since cumulative records of 120 days 
were reported to have genetic and phenotypic correlations of 
.76 and .86 with completed lactation records (Spike, 1968). 
In addition, only records from cows with a first lactation 
that started between 19 and 36 mo of age were included, which 
was similar to the limits used by Schutz et al. (1990). 
Lactational measures used for yield traits were 305-d 
mature equivalents (305-2X-ME). National mature equivalent 
factors do not exist for SCS or lactose percentage. Records 
for these traits, therefore, were not actual mature 
equivalents. Actual lactational averages were used for 
percentages of lactose, along with actual lactation averages 
of SCS, which were weighted by test-day milk yield. 
Data from 2048 Jersey and 304 Brown Swiss records were 
used to calculate means for these breeds. Holstein records 
with a 305-2X-ME of less than 1818 kg milk, 91 kg lactose, 73 
kg fat, or 55 kg protein were not used, as were those with 
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more than 18,180 kg milk, 910 kg lactose, 730 kg fat, or 550 
kg protein. Only 0.16% of the records were outside these 
production constraints. The remaining Holstein records 
included 7496 multiple lactation records from 5272 cows, with 
398 sires represented. Elimination of later lactations 
resulted in 5246 first lactation records, with 392 sires 
represented. 
The total number of records and the records lost to edits 
are in Table 1. There were over 45,000 records that included 
ses information, many of which were lost due to the absence of 
lactose information. Since lactose was the primary trait 
considered in our analysis, however, we did not include these 
records in the analysis. 
Table 1. Total number of first lactation Holstein records and 
those lost to edits 
Edits Number 
Total first lactation Holstein records 121,268 
Records with sire identified 78,827 
Records with calving age between 19 and 36 mo. 69,902 
Records with at least 120 days in milk 55,334 
Records meeting production requirements 55,245 
Records with lactose recorded 7994 
Records with somatic cell score recorded 5830 
Records meeting REML program requirements^ 5246 
^ These requirements were at least two daughters per sire, 
two sires in each herd-year-season, and two herd-year-seasons 
represented for each sire. 
Two REML procedures developed by Karin Meyer (Meyer, 1986; 
Meyer, 1987), including sire relationships, were used to 
estimate variance components. A more explicit description of 
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these two REML programs is given as part of these programs 
(Meyer, K., personal communication). A multiple-trait method 
(REMLPK) was used to estimate variance components for first 
lactations. All eight traits were included in a single 
analysis. A major advantage of this algorithm is that it 
guarantees positive definite estimates of (co)variances 
(Taylor et al., 1985). A single-trait method (SDREML) was 
used to estimate variance components for multiple lactations. 
The models used included herd-year-season (h), age of cow (a), 
and sire genetic group (g) as fixed effects and sire (s) 
nested within group, cow (c) nested within sire, and residual 
(e) as random effects. Observation vectors (y) consisted of 
305-2X-ME records for milk, fat, and protein, and actual 
lactation averages for lactose and SCS. 
The two seasons used were November through April and May 
through October, as defined by Boldman and Freeman (1990). 
Age groups were defined by age at calving in months, with one 
group for each month of calving from 19 to 36 mo., as was done 
by Schutz et al. (1990). Sire genetic groups were defined by 
birth-years of sires. 
Model 1 included SCS as an additional dependent variable 
in the multiple-trait model, and was used to analyze 524 6 
first lactations. SCS was also fit as an additional fixed 
effect in a separate analysis, but estimates of variance 
components for traits other than SCS were almost identical to 
those obtained when including SCS as an additional dependent 
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variable. Since somatic cell scores ranged from 0 to 7 in 
these data, eight different levels of SCS were fit in this 
analysis. Model 2 was used to analyze 7496 multiple 
lactations and included SCS as an additional dependent 
variable in the single-trait model. The statistical models 
for models 1 and 2 are displayed below. 
Yij-kmo = M + h, + Sj + g, + s^^ + e..,^ [1] 
Yijk^ro = M + h. + aj + + C^ + Gijknno [2] 
Analyses using Model 1 were repeated to examine the 
effects of adding SCS and sire relationships. There were 5246 
first lactations included in all three analyses-. Model la 
included neither SCS nor sire relationships, while Model lb 
included SCS but not sire relationships, and Model Ic utilized 
both SCS and sire relationships. The comparison of results 
from these three models will be discussed later in this paper. 
All other variance component estimates not otherwise noted 
involve results using model Ic. A summary of the data and 
models used in the analyses is in Table 2. 
Table 2. Description of models used in the analyses 
Model 
Sire 
relationships 
included 
SCS 
information 
included 
Lactations 
included 
Type 
of 
model^ 
Cow 
effect 
included 
la no no first M-T no 
lb no yes first M-T no 
ic yes yes first M-T no 
2 yes yes all S-T yes 
^ S-T is a single-trait and M-T is a multiple trait model. 
39 
RESULTS AND DISCUSSION 
Means of lactose percentage for three dairy breeds (Table 
3) fell within the range found in the literature. Lactose 
percentage means ranged from 4.84 to 4.97% and were highest in 
the Holstein population, while SCS means ranged from 2.85 to 
3.09 and were highest in the Jersey breed. Breed differences 
were found to be much smaller for lactose percentage than for 
percentages of fat or protein, with ranges of percentage 
yields across these three breeds being 1.1% fat, .48% protein, 
and .13% lactose. Variation of lactose percentage within 
breed, however, was intermediate to fat and protein 
percentages. 
Table 3. Means for milk components across breeds for first 
lactations 
Breed Jersey Brown Swiss Holstein 
Milk, kg 5510.8 6863.8 9076.8 
Fat, kg 259.8 264.2 328.9 
Protein, kg 204.9 239.4 295.4 
Lactose, kg 258.3 357.5 456.1 
Fat, % 4.69 3.81 3.59 
Protein, % 3.69 3.44 3.21 
Lactose, % 4.86 4.84 4.97 
Somatic cell score 3.09 2.87 2.85 
No. records 2048 304 5246 
Best linear unbiased estimates (BLUE) of fixed effects of 
age at calving for lactose percentage and SCS for multiple 
lactations are in Figure 1. The effects of age across several 
lactations were opposite in direction for the two traits. As 
age at calving increased, lactose percentage age solutions 
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AGE AT CALVING (months) 
Lactose % — Somatic Cell Score 
Figure 1. Best linear unbiased estimates of age at calving 
for somatic cell score and lactose percentage for 
• multiple lactations 
declined over 0.3 percentage points while SCS solutions 
increased over 1.0 SCS scores. 
Heritability estimates for first lactation Holsteins with 
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a multiple-trait model are in Table 4. A comparison of the 
three analyses using Model 1 shows that estimates of 
heritability for yield traits were similar, but estimates for 
percentages of fat and lactose tended to increase as SCS and 
sire relationships were utilized. Estimates of heritability 
for percentage lactose increased when SCS was added to the 
multiple-trait model. The well-documented relationship 
between mastitis and lactose percentage is probably the 
reason. 
Table 4. Heritabilities of milk components for Holstein first 
lactations from multiple-trait analyses 
Model la^ Ib^ IC^ 
Milk, kg .30 .28 .30 
Fat, kg .28 .30 .29 
Protein, kg .28 .27 .27 
Lactose, kg .26 .25 .26 
Fat, % .41 .42 .45 
Protein, % .46 .43 .47 
Lactose, % .43 .52 .53 
Somatic cell score .14 .16 
^Model la included neither somatic cell scores or sire 
relationships. 
^Model lb included somatic cell scores but not sire 
relationships. 
^odel Ic included both somatic cell scores and sire 
relationships. 
Heritability estimates from Model Ic ranged from .26 to 
.30 for yield traits, ranged from .45 to .53 for percentage 
yield traits, and was .16 for SCS. Estimates of heritability 
for lactose percentage were higher than those for percentages 
of fat or protein, contrary to what was reported in most 
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previous literature (Anderson et al., 1985; Barnes et al., 
1988; Gaunt, 1973; Johnson, 1973; Meiser, 1973; Robertson et 
al., 1956; Young et al., 1986). Heritability estimates for 
all other traits, however, compared favorably with other 
recent estimates. 
Heritability and repeatability estimates for multiple 
lactation data are in Table 5. Heritabilities and 
repeatabilities for lactose percentage were similar to those 
for fat and protein percentages, as was the case for first 
lactation estimates. Heritabilities for multiple lactations 
were similar to those reported for first lactations. The 
estimates for yields differed for these data by a no more than 
.03, whereas differences for percentages were slightly larger. 
Estimates of heritability and repeatability for SCS were 
markedly smaller than those reported for other traits. 
Table 5. Heritabilities of milk components for Holstein 
multiple lactations from single-trait analyses using 
models that include both somatic cell scores and sire 
relationships 
Heritability Repeatability 
Milk, kg .29 .48 
Fat, kg .28 .40 
Protein, kg .25 .46 
Lactose, kg .25 .45 
Fat, % .51 .57 
Protein, % .45 .55 
Lactose, % .48 .62 
Somatic cell score .13 .27 
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Estimates of genetic correlations for first lactation 
Holsteins are in Table 6. Lactose percentage had a negative 
genetic correlation of -.30 with milk yield. Correlation 
estimates between milk yield and fat and protein percentages 
were also negative, but were smaller than that found between 
milk yield and lactose percentage. Additionally, lactose 
percentage and fat and protein yields had negative 
correlations of -.16 and -.21, respectively, whereas lactose 
percentage had positive correlations of .16 and .29 with fat 
and protein percentages. 
There were high positive genetic correlations between 
lactose yield and milk, fat, and protein yields, with 
moderately negative correlations between lactose yield and fat 
and protein percentages (Table 6). Correlations between 
lactose yield and milk and protein yield were .89 and .92, 
with the relationship between lactose yield and fat yield 
being somewhat less at .68. In addition, negative 
correlations of -.35 and -.37 were found between lactose yield 
and fat and protein percentages, as well as positive 
correlations of .10 and .13 between lactose yield and 
percentage lactose and SCS. 
Genetic correlations of SCS with yield traits ranged from 
.12 to .18, while the relationship of SCS was -.06 with fat 
percentage and essentially zero with protein percentage (Table 
6). In addition, SCS had a genetic correlation of -.11 with 
lactose percentage reflecting the decline in lactose 
44 
percentage under mastitic conditions reported in the 
literature. 
Phenotypic correlations of percentage lactose with milk, 
fat, and protein yield, as reported in Table 6, were close to 
zero, ranging from -.08 to .01. Positive correlations of .11 
and .29, however, were estimated between lactose percentage 
and fat and protein percentages, with the correlation between 
lactose percentage and yield estimated at .20. Phenotypic 
correlations between lactose yield and other milk components 
were very similar to the genetic relationships reported, 
although the phenotypic and genetic correlations between 
lactose yield and SCS were opposite in sign. 
Phenotypic correlations between SCS and milk, fat, and 
protein yield, and fat and protein percentage were all 
slightly negative, ranging from -.08 to -.01 (Table 6). The 
phenotypic relationship of SCS with percentage lactose was 
-.15, in agreement with the literature that lactose percentage 
decreased under mastitic conditions. Based on this 
correlation, lactose percentage would not be a very reliable 
indicator of mastitis if used alone. 
It may be argued that the exclusion of records of less 
than 120 days may result in estimates of variance components 
that are biased by selection. Some of these records are 
records in progress, some are completed records of cows that 
have been culled for various reasons. Among these reasons for 
culling may be low production or high somatic cell scores. 
Table 6. Genetic and phenotypic correlations of milk components for Holstein first 
lactations using models that include both somatic cell scores (SCS) and 
sire relationships^ 
(kg) (percentage) 
Milk Fat Protein Lactose Fat Protein Lactose SCS 
Milk, kg .71 .93 .92 -.40 -.47 -.30 .15 
Fat, kg .81 .79 .68 .35 -.04 -.16 .12 
Protein, kg .96 .85 .89 -.21 -.12 -.21 .18 
Lactose, kg .96 .79 .94 -.35 -.37 .10 .13 
Fat, % -.34 .27 -.20 -.30 .59 .16 —. 06 
Protein, % -.36 —. 06 -.09 -.27 .51 .29 .01 
Lactose, % —. 08 -.02 .01 .20 . .11 .29 -.11 
SCS —. 04 -.07 -.04 —. 08 — .06 -.01 -.15 
^Genetic correlations are above diagonal and phenotypic correlations are below 
diagonal. 
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Analysis carried out on first lactation data with no edits for 
days in milk, however, resulted in estimates of variance 
components similar to those in Tables 4, 6, and 7. The only 
changes of consequence were genetic correlations of SCS with 
other production traits. Genetic correlations of SCS with 
milk, fat, protein, and lactose yields and fat, protein, and 
lactose percentages were -.12, .03, -.20, -.20, .20, -.17, and 
-.24, respectively, when no edits for days in milk were 
imposed. Since records of 30 and 60 days are less reliable as 
predictors of completed records than records of 120 days or 
more (Spike, 1968), however, the estimates reported here are 
from lactations of 120 days or more. 
47 
CONCLUSIONS 
Means for lactose percentage ranged from 4.84 to 4.97% for 
Holstein, Jersey, and Brown Swiss breeds, but varied less than 
fat and protein percentages. Heritabilities, however, 
indicated that there was a considerable amount of variation in 
lactose percentage, similar to that found for fat and protein 
percentages. 
The heritability of first lactation lactose yield was .26, 
which was very similar to the estimates for fat and protein 
yields. Heritability for first lactation lactose percentage 
was .53, which was slightly higher than estimates for fat and 
protein percentages. Heritability of SCS was .16 for first 
lactations and .13 for multiple lactations. In addition, a 
genetic correlation of -.11 and a phenotypic correlation of 
-.15 were found for percentage lactose and SCS. 
Correlations of lactose percentage with milk, fat, and 
protein yields were all negative on a genetic basis and close 
to zero phenotypically. Lactose percentage, however, was 
positively correlated with fat and protein percentages, both 
genetically and phenotypically, with correlation estimates 
ranging from .11 to .29. 
Variation in lactose percentage was greater than 
previously reported and was similar to the variation in fat 
and protein percentages. Variation in lactose percentage is, 
therefore, high enough to allow for genetic change with a 
response similar to that found in fat and protein. Positive 
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correlations between lactose percentage and fat and protein 
percentages will not permit rapid genetic change under 
divergent selection. 
Because overproduction of lactose and fat are the main 
problems in current markets, the desired breeding goal would 
seem to be the increase of protein percentage, while holding 
fat and lactose percentages constant. This compares to 
suggestions by Young et al. (Young et al., 1986). Selection 
for percentages, however, would result in large sacrifices in 
genetic gains of yield traits. Selection for yield traits may 
be the most economically rewarding considering current payment 
systems. Since the genetic correlations of protein yield with 
fat and lactose yields are close to unity, very slow progress 
would be made toward the proposed goal. 
Also, there is the question of how closely lactose 
percentage affects the volume of milk produced by affecting 
the osmotic pressure regulating nutrient transport to the 
mammary gland. The phenotypic and genetic correlations of 
milk volume with lactose percentage were both negative, but 
there may be a critical value of lactose percentage under 
which milk production decreases markedly. Increases in 
concentrations of salts may compensate for decreases in 
lactose in the osmotic regulation of milk, but may not be able 
to compensate for very low levels of lactose. 
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SECTION II. RESPONSE TO SELECTION 
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ABSTRACT 
Estimates of variance component for first lactation milk, 
fat, protein, and lactose yields and percentage yields, and 
somatic cell score (Welper and Freeman, 1991) were used to 
estimate response to selection. A gene flow algorithm 
developed by Harris and Freeman (1991) was used to account for 
multiple stage selection with overlapping generations. 
Variance components were previously estimated using restricted 
maximum likelihood with an expectation-maximization algorithm, 
including sire relationships, on 5246 first lactation Holstein 
records collected from 1986 to 1988 by Michigan DHIA. 
Progress could be made in any single trait through single-
trait selection for that trait. Desirable genetic gains in 
all economically important traits, however, could not be 
achieved simultaneously by single-trait selection for any one 
trait. Multiple-trait selection indexes involving milk and 
protein yields would be expected to result in genetic gains 
similar to single-trait selection for milk and protein yields. 
In addition to the increase in milk and protein yields, 
lactose percentage would decrease and fat percentage would 
increase minimally, both desirable results, but somatic cell 
score would increase. 
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INTRODUCTION 
Knowledge of the genetic and environmental variation among 
milk and its components is necessary to plan alternative 
selection schemes. There is little information about the 
variability in lactose, so lactose and its relationship to 
milk and the other milk components will be stressed here. 
Several studies have reported expected responses to 
selection for milk components in dairy cattle (de Jager and 
Kennedy, 1987; Gibson, 1989a; Gibson, 1989b; Harris and 
Freeman, 1991; Keller and Allaire, 1990; Kennedy, 1981; 
Strandberg and Shook, 19.89) . Most of these have utilized 
selection index principles (de Jager and Kennedy, 1987; 
Gibson, 1989a; Gibson, 1989b; Keller and Allaire, 1990; 
Kennedy, 1981), where a common population structure used to 
estimate response to selection involved selection among sires, 
50 daughters sampled per sire, and a single record on a dam. 
Others have utilized gene flow techniques (Harris and Freeman, 
1991; Hill, 1974; Strandberg and Shook, 1989), to estimate 
selection response. Strandberg and Shook (1989) emphasized 
the importance of using a gene flow procedure when predicting 
early responses from a new breeding program. They calculated 
discounted economic responses and annual genetic changes in a 
simulation study using discounted gene flow and found 
predicted annual gains to be about 60% of those calculated by 
the classical asymptotic method (Strandberg and Shook, 1989). 
Direct or index selection involving milk, fat, and protein 
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yields has been reported to result in large expected 
correlated increases in other yield traits and some decline in 
percentages (de Jager and Kennedy, 1987; Kennedy, 1981). 
Selection on fat and protein percentages would give high 
responses in fat and protein percentages, but would result in 
a drop in milk and protein yields (de Jager and Kennedy, 
1987). Kennedy (1981) reported that there was no one trait 
for which single-trait selection would give increases in 
protein and decreases in fat. Fat percentage, however, could 
be reduced markedly without sacrificing potential gains in 
protein yield through joint selection of protein yield and 
ratio of protein to fat (Kennedy, 1981). Gibson (1989a) 
reported that the genetic variances and covariances among fat, 
protein, lactose, and carrier (water plus minerals) yields 
were such that milk composition could be altered by selection 
in almost any direction desired. 
Inclusion of protein percentage in an index resulted in 
little additional genetic progress in most traits except for 
protein yield and percentage (de Jager and Kennedy, 1987). 
Selection indexes including protein yield and the ratio of 
protein to fat, however, resulted in protein increases similar 
to that from single-trait selection for protein, while raising 
fat a minimum (Kennedy, 1981). Inclusion of both lactose and 
protein in the index made only small contributions to the 
economic gains under individual selection and essentially no 
contribution under sire selection (Gibson, 1989b). Since 90% 
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of the total genetic progress is due to sire selection 
(Kennedy, 1981), the recording of lactose and protein for the 
purposes of selection was thought to be only marginally 
feasible under current market conditions (Gibson, 1989b). 
Lactose or somatic cell score (SCS) has been considered in 
only a few of these studies, de Jager and Kennedy (1987) 
assumed lactose and ash fractions to be relatively constant. 
Gibson (1989b) found estimates of variance components for 
lactose to be scarce so several different parameter sets were 
considered to examine the importance of having estimates of 
these parameters and of inclusion of lactose as a recorded 
trait in a selection index. Use of these alternative 
parameter values for lactose reduced economic responses by as 
much as 10% for individual selection but had little effect on 
sire selection (Gibson, 1989b). 
Keller and Allaire (1990) reported that lactose had a 
negative relative economic weight in all markets in all breeds 
because lactose production requires feed energy but has no 
explicit market value. Relative economic values for lactose 
tended to be more negative for breeds other than Holsteins, 
showing those other breeds have larger incentives to decrease 
lactose yields than Holsteins in all markets (Keller and 
Allaire, 1990). Strandberg and Shook (1989) reported that 
simultaneous improvement of both yield and mastitis was found 
not to be economically feasible because of the antagonistic 
genetic correlation between yield and mastitis and the greater 
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economic value and higher heritability of yields. 
Selection indexes in previous literature have been 
criticized because economic weights were derived directly from 
payment systems to farmers or from average component values 
with little consideration for production costs (Gibson, 1989a; 
Keller and Allaire, 1990). Because the feed cost of milk 
production is substantial and different for each component, 
indexes that ignore feed costs yield inflated economic weights 
with an incorrect balance between components (Gibson, 1989a). 
Raising feed costs was reported to make the increase of any 
components not included in the pricing system less desirable 
(Keller and Allaire, 1990). . Gibson (1989a) also reported the 
inadequacies of economic weights used in selection indexes in 
previous literature to include the majority of costs, basis on 
payment systems without considering long-term stability, use 
of average, .not marginal, costs and returns, and no use of 
rescaling to allow for alternative methods of increasing 
outputs. 
Gibson (1989a) reported that economic weights should be 
chosen to maximize the response to selection for total 
economic merit. True economic values for dairy products are 
often difficult to define, since markets in many nations are 
protected from outside competition by legislation. Payment 
systems within a protected market that do not adequately 
reflect the values of components within that market or cause 
imbalances within the market should be relatively short-lived 
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(Gibson, 1989a). 
Economic weights were susceptible to change when payment 
systems were altered (Gibson, 1989a; Gibson, 1989b; Keller and 
Allaire, 1990). Since a portion of the genetic investment for 
the original payment system will be wasted when a new system 
in introduced, the farmer should therefore take into account 
both current and future payment systems when defining economic 
weights (Gibson, 1989a). True economic response when not 
using the optimum economic weights may be as little as 66 or 
59% of possible response under individual selection and 81 or 
76% under sire selection, indicating the importance of 
obtaining the correct economic weights (Gibson, 1989b). 
In addition, alternative payment systems induce different 
economic selection indexes for farmers (Gibson, 1989b). Since 
the proportion of milk sold for Class I utilization varies 
among farms, the optimum economic weights also vary among 
farms, resulting in selection that is suboptimal for the 
national perspective (Gibson, 1989a; Gibson, 1989b). Keller 
and Allaire (1990) reported that economic weights for changes 
in milk component yields that reflect market prices were 
needed if market signals were to be incorporated into breeding 
programs. 
Breeders usually select for multiple traits in response to 
the milk pricing system and other economic concerns (Kennedy, 
1981). Breeding goals, however, should be consistent and 
defined according to future market conditions rather than 
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present or past pricing. Future breeding goals that have been 
suggested in the literature emphasized milk with a lower 
carrier content (water, lactose, vitamins, and minerals) (de 
Jager and Kennedy, 1987) and a higher protein percentage 
(Kennedy, 1981). Overproduction of lactose and fat seems to 
be one of the major problems in current world markets (Clark, 
1991; Gibson, 1989a), and consumer demand for fat is 
decreasing. A desired breeding goal, therefore, may be to 
increase protein percentage while holding fat and lactose 
percentages constant. 
The objectives for this study were to use the variance 
component estimates from Welper and Freeman (1991) to examine 
response to selection. Single-trait and multiple-trait 
selection schemes were compared to determine relative genetic 
changes in all traits. In addition, various multiple-trait 
selection schemes were considered to determine some that would 
maximize current and future economic merit. 
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MATERIALS AND METHODS 
Data were provided by Michigan Dairy Herd Improvement 
Association (DHIA) and included monthly production records 
from May 1986 through December 1988 (Welper and Freeman, 
1991). Records were required to have sire and first lactation 
lactose and SCS information to be used. Each record was also 
required to have at least 120 days in milk. 
Lactational measures used for yield traits were 305-day 
mature equivalents (305-2X-ME). National mature equivalent 
factors do not exist for SCS or lactose percentage. Records 
for these traits, therefore, were not actual mature 
equivalents. Actual lactational averages were used for 
percentages of lactose, along with actual lactation averages 
of SCS, which were weighted by test-day milk yield. 
Holstein records with a 305-2X-ME of less than 1,818 kg 
milk, 91 kg lactose, 73 kg fat, or 55 kg protein were not 
used, as were those with more than 18,180 kg milk, 910 kg 
lactose, 730 kg fat, or 550 kg protein. The remaining number 
of Holstein records included 7496 multiple lactation records 
from 5272 cows, with 398 sires represented. Elimination of 
second and later lactations resulted in 5246 first lactation 
records, with 392 sires represented. 
The two seasons used were November through April and May 
through October. Age groups were defined by age at calving in 
months, with one group for each month of calving from 19 to 3 6 
mo. 
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Two REML procedures developed by Karin Meyer (Meyer, 1986; 
Meyer, 1987) were used to estimate the variance components 
used to calculate response to selection (Welper and Freeman, 
1991). These procedures used were REMLPK and SDREML, and 
included sire relationships. A more detailed description of 
the variance component estimation procedures are reported by 
Welper and Freeman (1991). 
A gene flow program developed and described in detail by 
Harris and Freeman (1991) was used to estimate response to 
selection. Briefly, this procedure utilizes a generalization 
of Hill's equations predicting response to selection .(Hill, 
1974) to account for multiple stage selection in either or 
both sexes and overlapping generations. 
The gene flow algorithm of Harris and Freeman (1991) 
traces the breeding values of a selected group of animals 
through the population over a given time period. Expressions 
of the breeding value in descendants at time t are discounted 
back to t=0 of selected animals and accumulated. An iterative 
process is used to compute the percentage of genes at time t 
derived from animals at time 0. The expressions are reduced 
by .5 for each succeeding generation, resulting in the 
response to selection before the asymptotic rate is reached. 
Inbreeding effects are ignored and phenotypic and genetic 
(CO)variances are assumed to be constant over time, or 
unaltered by selection. Four reproductive pathways, sire to 
sire (SS), dam to sire (DS), sire to cow (SD), and dam to cow 
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(DD), are defined to account for differing selection 
intensities and accuracies. 
Population selection parameters used to estimate selection 
responses are in Tables 1 and 2. These parameters were set to 
mirror current selection procedures used by the A.I. industry 
and Holstein breeders (Kuck, Al, personal communication). 
Table 1. Fractions of genes passed on to replacements for all 
paths by ages of sires and dams'* 
Age Reproductive Pathwavs 
(years) ssz SD DS DD 
0 0.00 0.00 0.00 0.00 
1 0.00 0.00 0.00 0.00 
2 0.00 0.03 0.00 0.00 
3 0.00 0.00 0.15 0.15 
4 0.00 0.00 0.20 0.13 
5 0.00 0.00 0.15 0.10 
6 0.25 0.08 0.00 0.07 
7 0.15 0.15 0.00 0.03 
8 0.05 0.10 0.00 0.02 
9 0.05 0.10 0.00 0.00 
10 0.00 0.04 0.00 0.00 
^Sums of all columns are 0.5 since both sire and dam 
pathways are represented. 
^SS, SD, DS, and DD are the sire to sire, sire to cow, dam 
to sire, and dam to cow genetic pathways, respectively. 
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Table 2. Parameters used in the gene flow program to estimate 
response to selection 
Number of records for dams of all paths 2.0 
Number of records for granddams of all paths 4.0 
Number of daughters for maternal grandsires of sires 400.0 
Number of first crop daughters of young sires 50.0. 
Selection intensity for young sires 2.154 
Selection intensity for sires of sires (Stage 2) 2.297 
Selection intensity for sires of cows (Stage 2) 1.636 
Selection intensity for dams of sires 2.268 
Fraction of young sires selected from population 0.03 
Number of years males kept to breed 11.0 
Number of years females kept to breed 9.0 
Age for Stage 2 selection of bulls 7.0 
Number of years to carry out selection 20.0 
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RESULTS AMD DISCUSSION 
The genetic and phenotypic variance-covariance matrices 
estimated by Welper and Freeman (1991) are in Tables 3 and 4. 
Variance of lactose yield was around two to three times 
greater than variance of fat and protein yields, both 
genetically and phenotypically. In addition, genetic and 
phenotypic variances of lactose percentage were intermediate 
to those for fat and protein percentages, contrary to what was 
assumed in previous studies (de Jager and Kennedy, 1987) . 
Direct and correlated responses resulting from twenty 
years of single-trait selection are in Table 5. Although most 
specific selection programs will normally last for a shorter 
period of time, selection intensities for all traits will not 
change that much over time. This gene flow program accounts 
for slow genetic progress in early selection years, assuming 
no prior selection has taken place, although in reality 
selection has been applied over time. 
The result is that selection response to milk production 
would only be about 1% per year after ten years, whereas 
response after 20 years of selection would be closer to a 1.5% 
gain per year (Table 5). Total progress would double from 
year 10 to year 15 and triple from year 10 to year 20. Based 
on current marketing systems using single-trait selection, 
milk, fat, protein, and lactose yields', and fat and protein 
percentages were each given positive economic weights (Table 
5). Lactose percentage and somatic cell score, however, were 
Table 3. Genetic variances and covariances of milk components for first lactation 
Hoistein data 
fkg)^ (percent) 
Milk Fat Protein Lactose Fat Protein Lactose scs2 
Milk, kg 586061 14478.2 15715.2 25978.9 -69.564 -36.2878 -37.9570 45.6881 
Fat, kg 705.3 459.2 667.5 2.123 - .1090 - .6911 1.2139 
Protein, kg 484.1 723.3 - 1.049 - .2713 — .7466 1.5697 
Lactose, kg 1361.4 - 2.910 - 1.3657 .5882 1.8149 
Fat, % .051 .0136 .0061 - .0052 
Protein, % .0102 .0048 .0003 
Lactose, % .0271 - .0071 
ses .1546 
^These units are for the original traits only. Actual variance units would vary 
depending on the traits included in the individual (co)variance estimates. 
^SCS is somatic cell score. 
Table 4. Phenotypic variances and covariances of milk components for first lactation 
Holstein data 
fka^i fpercent) 
Milk Fat Protein Lactose Fat Protein Lactose ses? 
Milk, kg 1961686 56186 .0 56822.0 96158.0 -159.200 -74.5700 -26.8900 -48.99 
Fat, kg 2463 .7 1785.2 2809.7 4.496 - .4169 - .1860 - 3.62 
Protein, kg 1797.8 2867.7 - 2.909 - .5375 .0523 - 1.76 
Lactose, kg 5144.2 - 7.230 - 2.8220 3.2310 - 5.450 
Fat, % .1146 .0256 .0083 - .0201 
Protein, % .0219 .0097 - .0018 
Lactose, % .0511 - .0337 
ses .9893 
^These units are for the original traits only. Actual variance units would vary 
depending on the traits included in the individual (co)variance estimates. 
^SCS is somatic cell score. 
Table 5. Expected direct and correlated response from twenty years of single-trait 
selection^ 
fkq) ; (percent) 
Milk Fat Protein Lactose Fat Protein Lactose scsz 
Milk, kg 2846.1  67.9 74.9 122.9 -.363 -.192 -.220 .259 
Fat, kg 1968.4 98.2  62.5 88.5 .316 -.013 -.119 .211 
Protein, kg 2641.0 76.1 80.7  118.4 -.187 -.052 —. 160 .312 
Lactose, kg 2590.6 64.4 70.8 135.0  -.315 -.152 .050 .224 
Fat, % -1192.1 35.8 -17.4 -49.1 .868  .239 .113 - .079 
Protein, % -1397.6 - 3.4 -10.7 -52.4 .531 .391  .187 .015 
Lactose, % 970.8 18.1 20.0 -10.6 -.152 -.114 - .644  .149 
SCS -544.2 -15.3 -18.6 -22.4 .051 -.004 .071 -1 .354  
^Economic weights were 1.0 for milk, fat, protein, and lactose yields, fat and 
protein percentages and -1.0 for lactose percentage and SCS. 
^SCS is somatic cell score. 
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each given negative economic weights, resulting in decreases 
in these traits. 
Genetic progress can be made in any single trait using 
single-trait selection for that trait. There was no single 
trait, however, for which single-trait selection would result 
in the desired genetic progress in all traits simultaneously 
(Table 5). Somatic cell scores could be decreased only 
through selection for fat percentage or against somatic cell 
score, although at great sacrifices in yield gains. Lactose 
percentage decreases would result from selection for milk, 
fat, and protein yields, as well as selection against lactose 
percentage. Based on changing component pricing schemes and 
consumer demands, single-trait selection for milk or protein 
yield would result in what would seem to be the most desirable 
genetic gains. Selection for either milk or protein yield 
would result in maximal gains in milk and protein yields and a 
decrease in lactose percentage, although somatic cell score 
and lactose yield increases would also occur. 
Relative economic weights and responses to selection for 
fourteen multiple-trait selection indexes are in Tables 6 and 
7. The relative economic weights reported in Table 6 were 
selected arbitrarily as possible selection indexes to be used 
in current breeding programs. These relative economic weights 
were divided by the genetic standard deviation of each trait 
when used in the gene flow program. This was done in order to 
standardize variation across traits so that traits with high 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
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6. Relative economic weights to be used in multiple-
trait selection schemes 
Ikgl (percent) 
Milk Fat Protein Lactose Fat Protein Lactose SCS 
1 0 4 0 0 0 0 0 
2 0 8 0 0 0 0 -1 
1 0 2 0 0 0 0 0 
2 0 8 0 0 0 -1 0 
2 1 4 0 0 0 0 0 
1 0 4 0 0 1 0 0 
2 0 8 0 0 0 -1 -1 
8 1 8 0 0 0 0 0 
1 0 1 0 0 0 0 0 
0 1 2 0 0 0 0 0 
0 3 6 0 0 0 -1 -1 
0 1 1 0 0 0 0 0 
4 0 0 0 1 2 0 0 
0 1 2 0 0 0 -1 -1 
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variances, such as milk yield, would not dominate response to 
these selection indexes. 
By emphasizing milk and protein yields in the selection 
indexes, genetic gains in these traits would be close to 
single-trait selection gains, while fat yield gains would be 
much less (Table 7). In addition, fat, protein, and lactose 
percentages would all decrease, and SCS would increase 
slightly. Selection based on fat and protein yields (indexes 
10, 12, 14), as is currently popular in the dairy industry, 
would result in less than optimal gains in milk and protein 
yields. 
Because of the negative genetic relationship between 
protein yield and protein content, it would be difficult to 
keep protein percentage from declining (Table 7). If protein 
percentage is included in the selection index, as in indexes 6 
and 13, protein yield genetic gains would still be close to 
that from single-trait selection. The sacrifice in milk 
yield, however, would be from 100 to 250 kg. 
Inclusion of SCS or lactose percentage in the selection 
index would cause smaller gains or even a decrease in SCS, 
depending on the magnitude of its economic weight, and larger 
decreases in lactose percentage (Table 7). Because of the 
positive genetic relationships between SCS and the yield 
traits, however, any significant weight placed on SCS would 
result in large sacrifices in yield trait gains. Due to the 
negative relationship between lactose percentage and yield 
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traits, inclusion of lactose percentage would result in less 
than optimal gains in milk and protein yields. 
Another factor to consider is that there may be some 
drawbacks to selecting for lower SCS and lactose percentage. 
Since lactose is a sugar in milk, lower lactose content may 
affect the flavor of milk. Milk low in lactose content, 
however, is currently being marketed for people with lactose 
intolerance. The question has been posed that decreasing the 
SCS of milk produced may cause a decrease in the inherent 
ability of cows to combat the onset of mastitis as well as 
other diseases. There has been no conclusive evidence, 
however, reported either way. 
Table 7. Expected response from twenty years of multiple-trait selection using 
relative economic weights assigned in Table 6^ 
Index 
fka) fnercentl 
Milk Fat Protein Lactose Fat Protein Lactose ses 
1 2714.2 75.3 80.5 120.7 -.225 -.081 -.174 .304 
2 2708.6 75.1 80.1 120.7 -.224 -.083 -.170 .179 
3 2754.7 74.5 80.0 121.9 -.250 -.101 -.183 .299 
4 2725.4 74.7 79.9 115.6 -.233 -.090 -.235 .310 
5 2723.2 80.4 79.9 . 120.7 -.173 -.091 -.179 .295 
6 2471.0 76.3 79.9 112.0 -.115 .002 -.137 .315 
7 2721.6 74.6 79.5 115.5 -.233 -.092 -.233 .189 
8 2785.6 75.9 79.3 122.6 -.249 -.120 -.192 .290 
9 2795.1 73.3 79.2 122.9 -.281 -.125 -.193 .290 
10 2546.9 88.0 78.6 114.3 -.019 -.041 -.154 .293 
11 2561.9 87.0 77.7 108.5 -.032 -.055 -.222 .160 
12 2445.3 92.6 76.0 109.8 .070 -.035 -.148 .277 
13 2059.7 85.7 73.7 94.3 .155 .083 -.106 .280 
14 2435.8 80.1 71.4 91.8 -.053 -.076 -.331 - .087 
DR2 2846.1 98.2 80.7 135.0 .868 .391 —. 644 -1.354 
^Ranked on response in protein yield. 
^DR is direct response to single-trait selection from previous table. 
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CONCLUSIONS 
Genetic and phenotypic variances of lactose yields were 
larger than those for fat and protein yields, while the 
genetic and phenotypic variances for lactose percentage were 
found to be intermediate to those for fat and protein 
percentages. Variation in lactose yield and percentage, 
therefore, was high enough to allow for genetic change in 
these traits. 
There was no single trait for which selection would result 
in the desired genetic progress in all traits. Single-trait 
selection for milk or protein yield, however, would result in 
desirable genetic gains in most of the traits considered. 
Multiple-trait selection involving milk and protein yields 
could be used to attain responses similar to those found from 
single-trait selection for milk or protein yield. At the same 
time, fat and lactose yield increases can be kept to a 
minimum. Decreases in fat, protein, and lactose percentages, 
and an increase in SCS also would result from this multiple-
trait selection for milk and protein yields. 
Inclusion of SCS or protein percentage in a selection 
index would sacrifice measurable genetic gains in the yield 
traits, due the negative relationships between these traits. 
Lactose percentage would be decreased even more by including 
it in the selection index, with little sacrifice in yield 
trait gains. 
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SUMMARY 
Results of variance component estimation of milk 
components are reported. The data analyzed were unique in 
that they provided a sizeable number of lactose records, 
previously unseen in the U.S. Somatic cell score information 
was included as well. The relationships of lactose and 
somatic cell score to the other milk components, and their 
role in selection schemes, are discussed. 
In Section I, variance components for milk and its 
constituents are estimated. Means for lactose percentage 
ranged from 4.84 to 4.97% for Holstein, Jersey, and Brown 
Swiss breeds, but varied less than fat and protein 
percentages. Variation within breed of lactose yield and 
percentage were significant and greater than previously 
reported. Genetic and phenotypic variances of lactose yield 
were greater than those for fat and protein yields, while 
variances for lactose percentage were intermediate to those 
for fat and protein percentages. 
The heritability of lactose yield was .25 for first 
lactations and .26 for all lactations, which was very similar 
to the estimates for fat and protein yields. Heritability for 
lactose percentage was .53 for first lactations and .48 for 
all lactations, which was slightly higher than estimates for 
fat and protein percentages. Heritability of SCS was .16 for 
first lactations and .13 for all lactations. 
Correlations of lactose percentage with milk, fat, and 
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protein yields were all negative on a genetic basis and close 
to zero phenotypically. Lactose percentage, however, was 
positively correlated with fat and protein percentages, both 
genetically and phenotypically. In addition, a genetic 
correlation of -.11 and a phenotypic correlation of 
-.15 were found between percentage lactose and SCS. 
Variation in lactose yield and percentage should, 
therefore, be high enough to allow for genetic change with a 
response similar to that found in fat and protein. Positive 
correlations between lactose percentage and fat and protein 
percentages, however, will not permit rapid genetic change 
under divergent selection. 
In Section II, a gene flow program and the variance 
components estimated in Section I were used to examine 
response to selection under various selection schemes. There 
was no single trait for which selection would result in the 
desired genetic progress in all traits. Single-trait 
selection for milk or protein yield, however, would result in 
desirable genetic gains in most of the traits considered. 
Multiple-trait selection involving milk and protein yields 
could be used to attain responses similar to those found from 
single-trait selection for milk or protein yield. At the same 
time, fat and lactose yield increases can be kept to a 
minimum. Decreases in fat, protein, and lactose percentages, 
and an increase in SCS also would result from this multiple-
trait selection for milk and protein yields. 
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Inclusion of SCS or protein percentage in a selection 
index would sacrifice measurable genetic gains in the yield 
traits, due the negative relationships between these traits. 
Lactose percentage would be decreased even more by including 
it in the selection index, with little sacrifice in yield 
trait gains. 
Because overproduction of lactose and fat are the main 
problems in current markets, the desired breeding goal would 
seem to be the increase of protein percentage, while holding 
fat and lactose percentages constant. To maximize genetic 
gain, however, selection should be based on yield traits, not 
percentages. Since the genetic correlations of protein yield 
with fat and lactose yields are close to unity, very slow 
progress would be made toward the proposed goal. 
As a suggestion of further research, there is the question 
of how closely lactose percentage affects the volume of milk 
produced by affecting the osmotic pressure regulating nutrient 
transport to the mammary gland. The phenotypic and genetic 
correlations of milk volume with lactose percentage were both 
negative, but there may be a critical value of lactose 
percentage under which milk production decreases markedly. 
Increases in concentrations of salts may compensate for 
decreases in lactose in the osmotic regulation of milk, but 
may not be able to compensate for very low levels of lactose. 
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